Si-Cr alloy is one of the predominant solvents for rapid solution growth of 4H-SiC crystals. The solubilities of carbon in Si-40 mol%Cr alloy at SiC saturation at 1773-2273 K and in Si-Cr alloys of various chromium contents at 2073 K were measured by equilibrating the Si-Cr alloy with a 4H-SiC single crystal. Carbon solubility in Si-40 mol%Cr alloy increased with temperature from 0.22 mol% at 1773 K to 3.59 mol% at 2273 K. At 2073 K, carbon solubility at SiC saturation increased with the chromium content in the liquid from 0.18 mol% in Si-20 mol%Cr to 16.4 mol% in Si-80 mol%Cr. A thermodynamic analysis of the Si-Cr-C alloy was also conducted. Although the sub-regular solution model is often adopted to estimate phase relations in solution systems, this predicted a carbon solubility in Si-40 mol%Cr at SiC saturation more than two times higher than the measured value. In contrast, a quasi-chemical model that considered the competition between substitutional Si and Cr atoms bonding to interstitial carbon atoms reproduced the activity coef cient of carbon in Si-Cr alloys of 60-100 mol%Si composition, in which the carbon solubility at SiC saturation was less than 1.5 mol%, fairly well. This quasi-chemical model enabled the precise phase relation to be evaluated when designing the solution growth of SiC using a Si-Cr solvent.
Introduction
Power devices using silicon carbide (SiC) are expected to be useful for various applications, especially those in the mid-voltage range (between 500 and 1500 V). 4H-SiC bulk crystals fabricated by physical vapor transport have been used as the substrates for such power devices; however, the high dislocation densities of SiC substrates fabricated by this technique, ranging from 10 2 to 10 4 cm −2 , are reported to cause device defects 1) . Solution growth has attracted great attention for the production of 4H-SiC crystals with low dislocation density because the growth conditions are almost at thermal equilibrium. Recently, the growth of crystals with ultra-low dislocation density (< 0.1/cm 2 ) and production of dislocation-free crystals by top-seeded solution growth have been reported 2) . Both inadequate growth rates and solvent inclusions in the grown crystal caused by interfacial roughening are important issues in the production of bulk SiC crystal. To maintain a smooth interface under rapid growth, it is important to achieve high carbon solubility and suitable supersaturation by incorporating additives into the Si-based solvent [3] [4] [5] [6] . For example, rapid growth (exceeding 2 mm/h) while maintaining a smooth interface has been achieved using Si-40 mol%Cr-based solvent 7) , although supersaturation was not speci cally discussed. Accurate thermodynamic information on liquid Si-based alloys is essential if a high growth rate with a smooth interface is to be achieved.
The estimation of carbon solubility in alloy solvents has previously been conducted by employing the sub-regular solution model for the liquid phase using the thermodynamic properties of binary 8) or binary and ternary 9) alloys; however, carbon solubility in Si-X binary solutions has only been measured for a limited number of systems 8, 10) and applicability of the sub-regular solution model to the estimation of carbon solubility in Si-based systems has not yet been fully veri ed. Si-Cr-based alloys are one of the predominant solvents for the growth of SiC, so precise data on carbon solubility for Si-Cr alloys are important for optimum control of the growth process.
In the present study, we measured the carbon solubility in Si-40 mol%Cr alloy at SiC saturation at 1773-2273 K and that in Si-Cr alloys with various chromium contents at 2073 K. Thereafter, thermodynamic analysis was carried out to determine a suitable model for describing the thermodynamic properties of Si-Cr-C solutions.
Experimental Procedure
The equilibrium experiments were carried out using an induction furnace equipped with a quartz reaction tube, as shown in Fig. 1 . Silicon (0.05-0.10 g) (11 N purity) and chromium (99.9% purity) were weighed to give compositions of Si-20 mol%Cr to Si-80 mol%Cr and placed on a 4H-SiC single crystal in a graphite crucible. The samples were heated to 1773-2273 K in an Ar-10%H 2 ambient atmosphere. The temperature of the undersurface of a SiC polycrystal placed just below the 4H-SiC single crystal was measured using a mono-colored pyrometer, which was calibrated using the melting points of Si, Fe, Pt, and Al 2 O 3 . After holding for 10 min, which was predetermined from preliminary experiments, a sample droplet was sucked up using a tantalum capillary. Sample that adhered to the tantalum was then subjected to the combustion-infrared absorption method to determine its carbon concentration. From the measured mass fraction of carbon in the collected alloy, the mole fraction of carbon and silicon at SiC saturation are given by eqs. (1)- (3):
(1)
where M i [g], W i , and X i are the atomic weight, mass fraction, and mole fraction of component i in the collected alloy, respectively. W 0 i is the mass fraction of i in the initial alloy.
Results and Discussion
3.1 Carbon solubility in the Si-Cr system at SiC saturation The top view of a droplet heated to 2073 K before being collected is shown in Fig. 2 . No parasitic crystals, which would have been generated by an uneven temperature distribution in the droplet, were observed. The measured solubilities are summarized alongside the experimental conditions in Table 1 .
The logarithm of the measured carbon solubility in the Si-40 mol%Cr alloy saturated with SiC at 1773-2273 K is plotted with closed circles in Fig. 3 . The carbon solubility at SiC saturation increased with temperature from 0.22 mol% at 1773 K to 3.59 mol% at 2273 K. Moreover, the logarithm of carbon solubility was almost directly proportional to the reciprocal temperature. This indicates that carbon dissolution obeys the Van t Hoff equation according to the standard Gibbs energy of SiC formation (eq. (5)) where Henry s law is established: 
where a i and γ i are the activity and activity coef cient of component i, respectively, and a i(s) and a i(l) are the activity of i at the standard states of pure solid and pure liquid, respectively. Figure 4 shows the composition dependence of the logarithm of carbon solubility at SiC saturation measured at 2073 K, with the solubility obtained when pure chromium was reacted with SiC 13) . The carbon solubility increased with increasing chromium content in the liquid, from 0.18 mol% in Si-20 mol%Cr alloy to 16.4 mol% in Si-80 mol%Cr alloy. 8) . The thermodynamic properties used 10, 14, 15) are listed in Table 2 . Note that similar liquidus compositions at SiC saturation were con rmed using a different dataset 9) . The estimated carbon solubility in the Si-Cr alloy at SiC saturation is plotted with broken lines in Figs. 3 and 4 . In Fig. 3 , the sub-regular solution model overestimated the solubility by more than a factor of two greater than the measured value over the entire temperature range. The estimated composition dependence of the carbon solubility at SiC saturation, shown in Fig. 4 , was higher than the measured value over the entire composition range, and especially in the X Si range from 0.4 to 0.6. The fraction of Si-Cr bonds is its largest at such intermediate compositions in the binary Si-Cr system. When carbon dissolves in Si-Cr alloy, it disturbs the attractive interaction between silicon and chromium and, in return, is subjected to a repulsive interaction, which results in a low carbon solubility. The sub-regular solution partly considers such interactions in the alloy, but does not adequately reproduce the carbon solubility. Hence, it is inferred that the sub-regular solution model is not suitable for estimating the thermodynamic properties of Si-Cr-C alloy.
Thermodynamic analysis using sub-regular solution model
To estimate the carbon solubility in solutions used for the solution growth of SiC, researchers have previously employed the sub-regular solution model for the liquid phase using regular solution parameters of the constituent binary systems. In this section, a comparison is made between the measured carbon solubility and its value estimated by the sub-regular solution model, as in previous work
Thermodynamic analysis using quasi-chemical model
We assumed that the inconsistency between the measured carbon solubilities at SiC saturation and those estimated using the sub-regular solution model is attributable to the behavior of carbon in the liquid Si-Cr alloy. In the sub-regular solution model, the components are considered to share the substitutional sites; however, the atomic radius of carbon is much smaller than those of silicon and chromium 16) . We therefore presumed that carbon does not behave substitutionally, but interstitially, in Si-Cr alloy. Here, we adopted the quasi-chemical model formulated by Jacob and Alcock 17) , in which competition between the bonding of interstitial (solute) atoms and substitutional (solvent) atoms is considered. The assumptions of this model are: (1) the solute interstitial carbon obeys Henry s law; (2) the solute atoms bond to solvent atoms with coordination number n; (3) solvent atoms are bonded to each other with coordination number Z when solute carbon is not dissolved and bonded with coordination number Z * when they have direct interaction with the solute. The fractional change in the coordination number of the solvent atoms caused by the incorporation of solute atoms, t, can be expressed as:
where t is a parameter, the value of which can vary with change of the solvent composition. Subsequently, we obtained the following expression for the activity coef cient of carbon in Si-Cr alloys 17) :
where γ
• C( j) is the activity coef cient of carbon at in nite dilution in pure j (Si or Cr), and γ Si and γ Cr for the Si-Cr alloy were obtained from the Gibbs energy of the Si-Cr alloy 17) . Otsuka 18) suggested that either n = 4, t = 1/2 17) or n = 6, t = 1/3 19) are indispensable within a useful range of accuracy, which implies the condition of n × t = 2. This model was proposed for systems in which solute-solvent bonds are much stronger than solvent-solvent bonds.
The activity coef cient was also derived from the mea- Table 2 Thermodynamic properties of the liquid phase in C-Cr, Cr-Si, and C-Si systems.
System Sub-regular solution parameter,
Researcher C-Cr
Teng et al.
14)
Cr-Si Coughanowr et al.
Kawanishi et al. 10) sured carbon solubility at SiC saturation (Section 3.1) by considering the equilibrium between SiC and the alloy. Equation (5) holds when the alloy is saturated with SiC. The same thermodynamic value 15) was used for the calculation of activity of silicon in Si-Cr alloys; that at 2073 K is shown in Fig. 5 . Here, we assumed that the activity of silicon in the SiC-saturated liquid Si-Cr-C alloy corresponded to that in the binary Si-Cr alloy at the same silicon concentration. In  Fig. 6 , the activity coef cients derived from the experimental carbon solubilities at SiC saturation are compared with the activity coef cients estimated by eq. (7) and by the sub-regular solution model. The value estimated by the sub-regular solution model greatly deviates from the measured value over the entire composition range. The value estimated by the quasi-chemical model (for both n = 4, t = 1/2 and n = 6, t = 1/3) agrees well with the measured value for X Si (≧ 0.6). The estimated curve deviated from the activity coef cients derived from measured solubilities as X Si decreased. Note that the experimental liquid composition toward high carbon and high chromium compositions at smaller X Si deviated from the composition of the hypothesized binary Si-Cr alloy. This positive deviation from the estimated values at small X Si is likely because the real a Si of Si-Cr-C alloys should be larger than that in the hypothesized binary Si-Cr alloy, which might have resulted in an overestimation of the activity of the carbon for the experimental value. Figure 7 shows the temperature dependence of the activity coef cient of carbon in Si-40 mol%Cr alloy. Similar to the behavior seen in Fig. 6 , the values estimated by the sub-regular solution model signi cantly differ from the experimental values over the whole temperature range, while those estimated by the quasi-chemical model reproduce the measured values fairly well, especially in the lower temperature range. Regarding n and t, the estimation for n = 6, t = 1/3 had a more positive deviation than that for n = 4, t = 1/2, although there was no signi cant deviation between the two datasets. Taking these results into account, the present quasi-chemical model, which considers competition between substitutional silicon and chromium atoms bonding to interstitial carbon atoms, reproduces the thermodynamic properties of carbon in Si-Cr alloy well at less than 1.5 mol% carbon content. For higher carbon contents, a model applicable to concentrated solutions of carbon should be proposed.
Conclusions
The solubilities of carbon in Si-40 mol%Cr alloy saturated with SiC at 1773-2273 K and in Si-Cr alloy with various chromium contents at 2073 K were measured, and thermodynamic analysis was performed to reproduce the measured solubilities. The following results were obtained:
(1) Carbon solubility in Si-40 mol%Cr alloy at SiC saturation increased from 0.22 mol% at 1773 K to 3.59 mol% at 2273 K. When the chromium content of the liquid Si-Cr alloy was increased at 2073 K, the carbon solubility at SiC saturation increased from 0.18 mol% in Si-20 mol%Cr alloy to 16.4 mol% in Si-80 mol%Cr alloy.
(2) The sub-regular solution model overestimates carbon solubility in Si-Cr alloys at SiC saturation, especially at intermediate Si-Cr alloy compositions.
(3) The quasi-chemical model, which considers the competition between substitutional Si and Cr atoms bonding to interstitial carbon atoms, reproduces the activity coef cient of carbon well, especially at low carbon compositions (<1.5 mol%). 
